Electrical and optical properties of interband cascade infrared photodetectors with InAs/GaSb type-II superlattice absorbers are investigated in this work. We compare the detection parameters of detectors grown on the native GaSb substrate and lattice-mismatched GaAs substrate and seek solutions to enhance device performance, specifically with using an optical immersion. The detectors grown on GaAs have better detection parameters at room temperature, but at lower temperatures the misfit dislocations become more important and detectors grown on GaSb become better.
Introduction
Due to the stronger, less ionic chemical bond, III-V semiconductors are more robust and stable than their II-VI equivalent. Considerable progress towards III-V materials technology has been made, especially for low-dimensional solids such as type-II superlattices (T2SLs). The growth of T2SLs can be carried out with better control over the structure and greater reproducibility. The ability to independently adjust the positions of the conduction and valence band edges in T2SLs and other III-V materials is one important advantage that gives the opportunity to design new detector architectures. Especially emerging as a viable alternative for high performance, high-operation temperature (HOT) infrared detectors are interband cascade infrared photodetectors (ICIPs) [1] , particularly for temperatures above a room temperature, even up to 400 K.
The basic concept of operation of ICIPs is a multiple-stage design with a thin T2SL absorber. The absorber in each stage is sandwiched between coupled multiple-quantum wells (M-QWs) tunneling region, which is also an electron blocking barrier and coupled multiple M-QWs relaxation region (hole blocking barrier). These multiple-stages are electrically connected in series. An enhanced electron barrier design could drastically suppress the device dark current, particularly at higher reverse biases. Our previous work [2] shows that the dark current in ICIPs is ultimately limited by the generation current originating from Shockley-Read-Hall (SRH) and Auger processes.
In this paper, we present investigations of electrical and optical properties of mid-wave infrared (MWIR) ICIPs based on InAs/GaSb T2SLs absorbers and seek solutions to enhance device performances, specifically with using an optical immersion. T2SLs based ICIPs are demonstrated both on native GaSb and lattice-mismatched GaAs substrates. So far, devices grown on GaAs substrates have slightly lower parameters than their lattice-matched equivalents [3, 4] . The choice of GaAs substrate was dictated by the possibility of hyperhemispherical immersion lens formation. In addition, growth on GaAs also offers lower cost and larger area substrates.
Devices Design
Samples were grown by a Veeco Gen-10 solid-source molecular beam epitaxy (MBE) system both on native GaSb substrate and lattice-mismatched GaAs substrate with GaSb buffer layer deposited with the interfacial misfit (IMF) array growth mode. IMF growth mode gives minimum possible threading dislocations. Both devices consist of a GaSb bottom contact layer. For the sample grown on native GaSb, bottom contact is 300 nm thick and is n-type doped with tellurium to a level of 2 × 10 18 cm −3 . For the sample grown on lattice-mismatched GaAs, IMF grown bottom contact is 2.5 μm thick and is p-type doped with beryllium to a level of 2 × 10 18 cm −3 . This is the only difference in the architecture of both detectors. Bottom contact is followed by five cascade stages. Each stage consists of a 47 nm thick InAs/AlSb M-QWs hole barrier, InAs/GaSb SL absorber and a 48 nm thick AlSb/GaSb M-QWs electron barrier. The absorber region is made of a non-intentionally-doped 7-ML InAs/8-ML GaSb T2SL (ML stands for mono-layer), with a thickness of 30 periods in each stage, which gives the total thickness of 146 nm. The residual doping in the MWIR T2SL at high temperatures has been reported to be n-type [5] . Barrier layers are non-intentionally-doped as well. Cascades are followed by a 15 nm thick top contact layer, made of n-type InAs doped with tellurium to a level of 2 × 10 18 cm −3 .
Results and Discussion
The spectral characteristics have been measured at zero bias and 300 K. As shown in Figure 1 , 50% cut-off wavelengths (λcut-off) are around 4.3 μm at 300 K for both devices. Slight shift of the λcut-off value may be associated with higher strains in the sample grown on GaAs. Current responsivities are not so high, up to 0.18 A/W and 0.14 A/W for the sample grown on GaAs and GaSb, respectively. Electrical measurements in dark conditions at different operating temperatures were performed. At 230 K, the sample grown on lattice-mismatched GaAs shows the highest values of the dark current in a whole range of a negative bias. The point at which product of dynamic resistance and detector area (RdA) of both devices are equal moves towards higher voltages as the temperature increases ( Figure 2) . What is more, the detector grown on GaAs substrate shows a specific behavior of dynamic resistance as a function of voltage, with two maximum values. It is of particular interest to achieve extreme values at around zero bias voltage. At high temperatures, R0A product is much higher for the detector on GaAs. Together with a higher current responsivity, this will translate into a higher detectivity D * . It would be expected that due to the misfit dislocation, the detector grown on GaAs will show worse performance. The activation energy Ea can be determined by a fitting to the relation:
where k is the Boltzmann constant and T is the temperature. The power s is equal to 1.5. Arrhenius plots of the dark current density at a bias of −50 mV are shown in Figure 3 . For the sample grown on native GaSb, the high-temperature activation energy of 335 meV is related to the absorber layer bandgap at 0 K indicating diffusion behavior. Over the past decade, a lot of attention has been paid to the differential resistance and quantum efficiency of T2SL devices and most groups focused on improving these two critical parameters, assuming that thermal (Johnson) or/and shot noise limit the sensitivity of the detector. In contrast, there are many noise sources in infrared detector, some of which depend on the frequency f. Therefore, the detector noise taken into account in the D * should be calculated in accordance with:
where Si(1 Hz) is power spectral density of current noise at 1 Hz. Infrared detectors operating with bias may suffer from 1/f noise in the low frequency range. Then, their low frequency detectivity is no longer determined by thermal or shot noise but by the 1/f noise, as shown in the Figure 4 . For this reason, low frequency noise measurements of the ICIPs are also presented in this paper. If detector operates under zero bias and assuming that the normalized detectivity is limited only by Johnson noise, the D * can be assessed according to the relation: * = / 4 ⁄ ,
where Ri is the current responsivity. Table 1 compares the normalized D* of both detectors, calculated for 300 K and a zero bias voltage, according to the Equation (3). Values of Ri were taken at 4 μm. The D* of both detectors is at the same order of magnitude. However, due to higher values of the Ri and R0A product, the detector grown on GaAs achieves 3 times higher value of the D * , at the level of 3.5 × 10 9 cmHz 1/2 W −1 . The detectivity improvement might be obtained by the increase of the apparent optical size of the detector in comparison with its actual physical size by using a suitable optical concentrator. However, practical use of immersion technology might by limited due to problems with matching of the detector and lens materials. It has been solved by the use of monolithic technology developed at VIGO System S.A. [6] . Hyperhemispherical immersion lens is formed from GaAs substrates by using numerically controlled micromachining [7] . An alternative approach for GaSb substrate is the use of micromachining technique involving dry etching to fabricate immersion lens integrated with the device [8] . This formation gives a hemispherical lens shape rather than a hyperhemispherical. Table 1 also lists values of the D * that can be obtained using optical immersion. We have assumed the use of a hyperhemispherical lens for a GaAs substrate and a hemispherical lens for a GaSb one. The detectivity gain achieved with hyperhemispherical immersion is substantially higher compared to those for hemispherical immersion and amounts n 2 and n, respectively, where n is the refractive index of the substrate. The values of refractive indices were assumed on the basis of Adachi model [9] and amount to 3.3 and 3.7 for GaAs and GaSb, respectively. The normalized detectivity of the detector grown on GaAs is of about an order of magnitude higher than for the detector grown on GaSb.
Conclusions
We have compared the detection parameters of the interband cascade infrared photodetectors (ICIPs) with InAs/GaSb type-II superlattices absorbers grown on the native GaSb substrate and lattice-mismatched GaAs substrate. Proper superlattice quality was obtained either on GaSb or GaSb-buffered GaAs substrates growth using the interfacial misfit array growth mode technique. The substrate has a strong impact, which is related to the misfit dislocation and quality of the examined superlattices. The ICIPs grown on lattice-mismatched GaAs substrate have better current responsivity, R0A product, lower noise and higher detectivity at room temperature. However, at lower temperatures the misfit dislocations become more important and those detection parameters deteriorate in comparison with the detection parameters of ICIP with GaSb substrate. What is more, the use of GaAs substrate makes it possible to create a hyperhemispherical immersion lens that significantly increases the normalized detectivity D * . Even if a lens integrated with a GaSb-grown detector is used, their D * is about the order of magnitude lower.
